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A  STUDY  OF  HYDROr^N  LINES  BROADENING  IN  AN  INTENSE  IMPULSIVE  DISCHARGE 

by 

A,  N  Babin,  C  Y.  Lukyanov,  A  Severny,  G„  C.,  Sidorov,  V  I,  Sidnitsin,  N,Vc  Steshenko 

Abstract 

Spectra  of  an  Intense  inpulsive  discharge  in  hydrogen  have  been  obtained  by 
■eans  of  a  spectrograph  with  a  diffraction  Cchelle-grating  (dispersion  1.5  A/an). 

A  spectrophct'saetric  study  of  the  broadening  of  hydrogen  enission  wings  (Hoc  *• 

He  )  gives  the  following  results;. 

a)  When  observing  the  spectra  of  a  self* contracted  discharge  in  a  perpen“ 
d.i.cula:i  direction  the  emission  of  hydrogen  line  wings  (extending  to  30*>40A)  is 
broadened  due  aainly  to  the  linear  Stark  effect  (the  initial  pressure  pq  ■  0..1  nai  Hg). 

b)  At  pp  a  OS  asi  Hg  the  enission  extends  to  S0«80  A  snd  it  broadened  in 
the  wing,  probably  due  mainly  co  the  quadratic  Stark  effect. 

c)  When  the  spectra  are  observed  along  the  plasma  discharge  the  broadening 
of  hydioger  omission  in  the  wings  is  due  to  macroscopic  plasma  motions  with 
volocities--v*  10*  cm/sec  The  intensity  variations  In  tha  wings  are  wall  ex* 
plained  by  the  supposition  on  directed  plasma  motion  of  the  jet  type  along  the 
axis  of  ('ischarge  with  velocity  gradients. 

il)  !n  observations  outside  the  axis  of  discharge  the  broadening  of  hydrogen 
enissicn  (at  pg  »  0. 1  na’  Hg)  in  the  transversal  as  well  as  the  longitudinal 
direction  (near  the  discharge)  is  wholly  due  to  the  linear  Stark  effect. 

A  conperlson  of  the  above  results  with  data  on  amission  broadening  in 
lines  cf  solar  flares  points  to  an  analog^s  cause  of  broadening  and  a  relation 
between  the  character  of  broadening  and  the  direction  in  which  observations  are 
eade. 


INTRODUCnCN 

Spertre  of  hydrogen  emission  in  solar  flares  show  a  remarkable  likeness 
to  spectrn  of  high- temperature  hydrogen  plasma  glowing  in  impulsive  discharges  of 
great  intensity:  In  both  cases  there  are  observed  bright  and  extended  wings  of 
lines  (see  for  example  Fig.,  5)  and  also  a  sharp  fall  of  the  '*strength''  of  lines 
(total  evicrgy  emitted  in  the  line)  with  nori»er  of  the  meid>er  of  the  Balmer  series. 
This  'ircuiiRtance,  and  also  some  facts  and  considerations  testifying  to  more 
profound  analogies  (if  there  is  no  resemblance  or  likeness  *  see  for  example  (1]) 
between  ^oltr  flares  and  laboratory  pinch..effect  (self 'Contraction  of  current- 
discharge)  prompted  us  to  con<hict  investigations  of  spectra  of  intense  impulsive 
discharge  in  hydrogen  by-  those  methods  that  we  found  mere  or  less  successful 
in  the  study  of  the  nhysical  processes  on  the  sun.  Possibly,  the  similar 
applii.ation  of  specific  astrophysical  methods  and  modes  will  turn  out  to  be  useful 
also  for  the  determination  of  important  diagnostic  problems  of  the  state  of 
!aborat-o?y  high- temperature  plasma. 

Spectroscopic  stud.ios  of  Intense  i;^<lsive  discharges  in  h)rdrogen  were 
carried  out  in  works  (2,4),  but  the  use  of  spectral  instruments  of  low  dis¬ 
persion  and  resolving  power  (ISP-$1)  aporecisbly  limited  the  possibility  of 
studying  these  profiles  of  hydrogen  emission  of  plasiM,  with  the  exception  of 
the  very  broad  line  Hp^  ,  the  wings  of  which,  according  to  {3],  stretch  to 
20  A, 


Preliminary  scanning  of  the  spectra  (see  [3])  indicates  that  similar  broad 
wings  nrliio  only  ax  the  noment  of  "first  apparition"  (tim#  1  microsecond)  -  the 


rpaet  T  ,t''  conpression  of  plasMft  dischargo  (firtt  dip  in  osci  1  lograa 

j  M  th’^  same  no»«nt.  a  flare-up  of  eontinuuc  occur«,  owlnj?  its  orijfln 
r.hs  hrak  ng  of  radiatiori  of  free  electrons  in  the  plasM  ,  Until  the  aioiMnt 
of  maxhram  Comoro «<i ion  and  after  it,  the  broad  win];s  of  Ho^  are  oractically 
absent,  siod  the  halfwidth  of  the  line  Is  on  the  order  of  several  Angstroms, 

This  of'uestance  makes  possible  the  study  of  causes  of  broadening  of  wtngs 
of  by  means  of  phorotfi  |Ah<.  of  discharge  spectra  v  i  :  i  n>-  the  whole  time 

of  t»s  .tiistonce  fwithou'.  use  of  preliminary  scanning),  and  even  “  by  means  of 
tonsectitive  nhotojiraphy  of  same  discharge  -  the  positive  check  on  its  Identity 
« as  reyauls  compression  in  the  chamber  and  oscillogram  current) „  In  its 
turn.,  'his  cnnsiderabiy  facilitates  the  possible  use  of  spectral  instnments  with 
iarge  .lir.pefslon  tnd  high  resolving  power,  and  this  allows  us  to  conduct  accurate 
)  hfbotf.Ktric  studios  of  profiles  of  hydrogen  emission,  hearing  In  mind  the  far  wings. 

The  central  part  of  the  profile,  in  regions  several  Angstroms  frtw  the 
center  o:  the  line,  is  formed,  apparently,  as  a  result  of  superposition  of 
emission?  occusing  in  various  stages  of  development  of  discharge,  and  probably 
hivirg  different  characters;  hence,  remeobering  this  effect  of  sufterposition, 
it  IS  cucessarv  to  have  care  In  drawing  any  conclusions  on  the  central  portion 
(f  ’"he  oiofile  obtained  by  such  ’’integration*'  according  to  time 

in  th«!  present  work,  we  examine  the  problem  of  broadening  of  hydrogen 
« "si i  up  to  the  point  where  success  of  further  quantitative  analysis  is 
mro'S!*'  c  without  know'edge  of  the  mechanism  of  broadening  of  spectral  lines 
b  thn'-s  exist  repeated  qualitative  indications  that  here  broadening  of 
dv.jrj:  ;  ami«stoti  is  caused  by  linear  Stark  effect,  it  would  be  impossible 

rxcMt  io,  a  rricrl,  th<“  possibllitv  of  the  effect  of  other  mechanisms  conmected 
v  lifi  r  •t  on  in  pUtsma  •  "turbulence,*'  and  other  causes  having  a  character 
t  ol  v  tlyc  jeeipreci i:y.  Besides,  the  possibility  is  not  excluded  of  difference 
V  I-  mechstiim  of  bioader-ng  in  various  sections  of  plasms  discharge  and  in  various 
i.’ rt'C!  * -'T  s  relative  tc  the  axis  of  discharge  All  of  these  considerations  were 
»iiro  account  in  carrying  out  the  experiments  (see  Section  2)., 

1-  APPARATUS  AND  W-TOODS  OF  ^«ASl/REMENT 

Hic  iTistrjmont  for  obtaining  discharge  (similar  to  that  described  in  [2)) 
r  iii'iittf  of  .-apacitor  battery  lb  with  general  capacity  C  ■  32-^4  microfarads 
.  i-srgr  '  'o  voltage  Ug  »  50  kv  (Fig  The  periodically  damped  discharge 

!  isid-  ibamber  9  is  exc'ted  by  the  impulse  voltage  feed  on  the  discharge  apparatus, 

; ‘ schsiip'  chamber  9  is  manufactured  from  ceramic  tubing  with  an  inside  diameter  of 
too  win  'he  distance  between  ftlertrodes  14  and  IS  Is  980  mm.  In  one  of  these 
• (cct r v’fts ,  IS,  there  are  openings  for  observations  of  discharge  along  the  axis  of  the 
rmb'jf  l<  the  chamber  are  mounted  two  notrlc-type  fittings  on  one  side  (12,13) 

:-.J  tv'  1  the  etid  (19,11),  One  of  these  allows  us  to  observe  plasma  on  axis 
(  !?'ugr'!Ki se  and  across)  and  the  other  «  to  one  side  of  the  plasma  discharge  (along 

the  of  the  '.'i ember  or  across);  Chamber  9  is  surrounded  coaxially  by  a 

<npoer  tvlinder  for  reduction  of  inductance  In  the  oscillatory  circuit.  Capacitor 
batter'  *f>  Is  charged  by  a  high-voltaga  rectifier.  The  current  passing  through 
the  cSsmber  is  measured  by  Integration  of  Rogovski  zones  The  relatitwi  of 
c  itreot  *o  time  is  recorded  by  the  impulse  oscillograph  OIC-17  (18).  Filling  the 
tell  with  hydrogen  is  carried  out  by  the  system  for  fllHne  and  filtering  20, 
contaiiing  ?  aal'adium  filter  accumulator  and  reservoir  for  gas  dosage^  As  a 
rrelifflirnry  the  cell  Is  evacuated  to  lO'^S  m  Hg,  Natural  leakage  in  the  cell 
takes  ,  S'ite  due  to  generatioti  of  gas  by  the  wall  of  the  chamber,  and  does  not 
ex'-eed  0  OS  men /sec.  Before  the  ex)ieriment  the  cell  was  prepared  for  deoaeriation 

of  the  well  by  a  series  of  discharges  The  usual  value  of  amplitude  of  discharge 

ruTTent  »<a5 ^around  500  M&.. 
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55St  harg<?  t.‘ii wi.ih  the  <tid  uf  an  Schaila  spectrograph,  the  bast  e 
fclem«'ii.s  of  mhizh  il  6)  are  given  in  Fi.«  1.  Rsdlation  In  the  studied  contents 
oT  tho  dssebar^e  rhambeT  i-t  t‘'{oJ>Ktsd  on  siit  6  of  th*  spacirograph  by  aeans  of 
plane  wirrors  d  and  7,  5;o  that  concave  collinator  mirror  S  (with  specially 
selected  relative  aperture  d  ^  10  cm,  f  •»  5  m)  is  filled  with  light  only  fro* 
the  coritontt  of  the  discharge  chamber,  /lelding  a  cylinder  of  ciaiwtor /v'4  cm 
(order  of  the  dimension  of  comprossional  discharge)  in  the  direction  of  line  of 
sight.  A  parallel  pencil  of  rays  from  the  collimator  mirror  falls  on  the 
Echelle  diffraction  grating  4  (described  In  [5])  with  a  concentration  of  light  in 
the  39th  to  6Sth  order  For  vi.slble  parts  cf  the  spectrum,  and  thence  passes 
twice  through  prism  3  of  fused  quartz,  with  a  refractive  angle  of  12'*,  The 
prism  served  to  attenuate  various  orders  in  a  direction  perpendicular  to  the  diroc - 
tion  of  the  dispersion  of  the  Echallo,  and  let  pass  all  emission  wi^h  wavelength 
7000  A.  17)0  imagy  of  the  spectra  obtained  in  this  way  was  for.icd  on 
photcpiat;e  1  by  cell  mirror  2  in  its  focal  plane. 

3c  fig,  2  is  givon  an  example  of  discharge  spectra  obtained  cn  the  Echelle 
spectrograph  with  initial  pressure  p^«  0  5  nm  Hg  (observation  along  axis  of 
discharge).  On  Fig.  3  to  the  left  given  enlarged  photographs  of  Balaer  lines 
of  discharge  (pQ  0.1  run  Hg,  observations  perpendicular  to  axis  of  disehariTe  )  and 
to  the  right  -  photos  of  the  same  lines  in  spectra  of  intense  solar  flare  of 
20  VII.  1959  Spectre  clearly  show  all  Bslroer  lines  from  to  (sometimes 
is  outlined)  and  a  Tiuraber  of  other  lines  in  admixtures..  Spectrograph  dis- 
persior  In  the  red  part  is  l.  S  A/ram-,  Tie  limiting  resolving  power  of  the 
speetttgraph  (naif-width  of  instrumental  profile)  is  0,25  A, 

Wf.  see  that  the  wings  of  hydrogen  lines  are  very  broad  and  stretch  to  50-70  A 
(for  Hot  )►  30  that  in  order  to  obtair*  :otrect,  non-distorted  profiles  it  is  not 
necesssry  to  use  the  naiTow  slit  of  the  spectrograph.  If,  in  the  solar  spectrum, 
lines  with  widths  of  2  A  can  be  obtained  without  distortion  caused  by  smooth¬ 
ing  (bfcnuse  of  the  finite  slit  width)  vith  slit  width  of  0,02  A  (equal  to  width 
of  instnimental  profile' ,  then  for  broad  hydrogen  emission  of  discharge  a 
suitable  slit  vidth  wil.1  be/N-/0.S  -  I  A  in  the  focal  plane  of  the  spectrograph 
rhambej'  i  -s..,  1/10  halfwidth  of  lines  that  are  5  ^  10  A);  for  a  dispersion  of 
2  A/aim  this  gives  0.2E  -  0  5  »m  for  projection  of  the  slit  In  the  chaid>er,  and 
since  the  focal  distance  of  the  chamber  is  roughly  25  less  than  for  the  collimator, 
the  width  cf  tre  entrance  slit  will  be  0  6  -  1.2  mm, 

rtf  tvorked  with  an  entrance  slit  equal  to  0.5  ram,  Thus  the  distortion  due  to 
smoothint;  of  the  profile  owing  to  the  finltenoss  of  slit»width  will  not  be  greater 
than  the  usual  photometric  error  for  solar  lines.r  We  should  point  out  that  line 
f»rofiles  we  obtained  with  a  wide  slit  equal  to  4  mm  ('V*  3  A  on  the  plate)  show 
considerable  distortion;;  the  wings  were  more  gentle  than  with  a  "normai”  slit, 
and  wjii-e  more  gentle  th«  narrower  the  line  (for  example  »  ilc  )  since  here 
diitf  rticn  due  to  smoothing  naturally  counts  more  than  for  lines  so  wide  as  , 

Ihe  great  width  of  hydrogen  lines  makes  necessary  a  calculation  of  possible 
distortion  of  profiles  connected  with  the  effect  of  vignetting  of  the  field 
by  change  of  spectral  sensitivity  of  the  plate  in  part  of  the  spectral  lines, 
by  changws.  In  this  part,  of  the  concentration  of  light  in  a  given  order  of  the 
Echelle,  and  by  other  possible  photometric  non-uniformities  of  the  field.  All 
of  tbs  e.  rors  can  be  calculated  if  we  carry  out  photometry  of  spectra  of  some  source 
of  light  with  known  distribution  of  intensity  We  used  the  center  of  the  solar 
disk  as  such  a  source,  the  spectrum  of  which  was  photographed  on  the  same  spectro¬ 
graph  by  means  of  the  coelostat  instrument  of  the  spectrohelioscope,  in  which  the 
entire  system  was  accooitodsUJd  For  formation  of  the  solar  image  a  mirror  was 
used  on  the  spectrograph  slit,  so  that  the  distribution  of  intensities  in 
the  solar  spectrum  did  not  undergo  distortion  in  the  studied  band  of  the  spectrum. 
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DluttibHS  I'of  a?  ivitf  tvi  the  solar  spectrum  is  taken  according  to  Mulder's 

average  oia'vss  [(•]. 

The  distribution  of  intensities  in  the  solar  spectrum,  measured  according  to 
calibration  spectrograms,  gives  us,  -  within  the  limits  of  each  spectral  band 
of  the  Echeile-,  some  function  in  the  form 

^  )y  ^  ^  *0  ^^0^  *  *‘1* 

if  intensity  is  expressed  in  units  of  intensity  for  wavelength  Xo- 
other  hand,  according  tc>  Mulder's  curves,  we  establish  function 

K  A)  /  *(Ao)  -  kj. 

which  would  take  place  in  the  absence  of  photometric  errors  in  the  field.  Ratio 
k2/ki  is  some  reduction  factor;  it  was  constructed  graphically  for  all  portions 
of  lines  around  ISO  A  containing  the  studied  lines  Hot  -  .  By  means  of 

such  reduction  curves  we  can  find  the  distribution  of  intensities  free  of  the 
influence  of  photometric  and  instrumental  errors  of  the  fields  If  the  profiles 
are  asymmetric  and  have  irregular  form  without  the  calculation  of  these  errors, 
after  calculation  they  are  even  and  practically  syametricaK  Similar  calculation 
of  errors  very  essential  for  correct  judgement  of  asymmetry  connected  with 
notion  of  plasma 

Calibration  of  spectrograms  requires  an  exposure  of  step'^wedges  with 
the  same  exposures  as  the  durat-.on  of  the  discharge  (/v/10  microseconds). 

The  main  portion  of  the  spectrogram  is  processed  by  feans  of  characteristic 
curves  obtained  by  direct  photograply of  the  discharge-  Toward  this  goal  plate 
llP-3  (with  the  same  sort  of  emulsion  as  that  on  which  spectra  were  photographed 
and  with  close  sten^-wedpes  and  coloured  filters  superimposed  on  it)  was  mounted 
at  a  distance  around  3  n;  from  the  window  of  the  discharge  chamber,  and  this  plate 
was  lit  up  by  radiation  of  discharge  without  use  of  projective  optics.  For  pro* 
cessing  of  portions  of  the  first  spectrogram  we  used  characteristic  curves  ob¬ 
tained  by  photography  of  the  center  of  the  solar  disk  on  the  solar  telescope  BST 
through  a  step-wedge  and  coloured  filter,  with  exposure  of  sround  100  microseconds. 

In  all  of  the  present  work  there  was  no  need  to  find  absolute  intensities. 
Intensities  of  all  lines  for  each  plate  are  expressed  in  units  of  central  intensity 
of  line  Hg  (In  those  cases  where  discharge  was  photographed  several  tines, 
the  central  porticn  of  lines  so  intense  as  and  Hg  were  found  to  be  over¬ 
exposed,  which  Bade  difficult  the  presentation  of  prdfiles  in  units  of  central 
intensity  of  the  same  line;  hence  the  intensity  of  the  center  of  Hg  ,  the  photo¬ 
graphic  density  of  which  always  fell  in  the  middle  portion  of  the  characteristic 
curve,  was  taken  as  unity  ) 

In  cases  where  an  emission  line  is  observed  on  the  background  of  continuum, 
as  is  noticeable  on  the  spectra  taken  with  high  compression  (O.S  mm  Hg),  correct 
calculation  of  the  background  is  necessary.  Calculatioif  of  the  background  is 
carried  out  by  means  of  photometry  of  spectra  of  adjacant  orders  not  containing 
broad  lines;  for  these  are  obtain^  distributions  of  intensity  free  of  photometric 
errors  of  field  (as  in  cases  of  portions  containing  lines),  and  tharaupon  averages 
are  calculated  for  two  bands  to  the  blue  and  red  sides  of  the  given  one.  This 
distribution  (see  for  example.  Fig.  7)  is  calculated  from  distrilnitions  for 
studied  portions  containing  emission  of  hydrogen  lines.. 
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?.  DISTRIBOTION  OF  INTENSITIES  IN  NINOS  OF  BALMBR  LINES 


The  propian  of  aeasurtsment  provided  for  obtaining  a  series  of  spectra 
acro5;;  the  axis  of  discharge  fn!8Tk_X.)  both  in  the  center  (In  the  direction  on- 
axis  ■  "center")  and  on  the  periphery  of  discharge  (to  one  side  of  axis  -  "off- 
center"),  and  also  a  series  of  spectra  along  the  axis  (mark  t\  )  both  along 
discharge  ("center’')  and  parallel  to  the  axis  but  to  one  side  of  discharge  ("off- 
center')  on  the  periphery  of  rhe  discharge.  In  a  majority  of  cases  it  was 
necessary  to  take  from  3  to  S  discharges  successively  or.  each  riate  in  order  to 
obtain  all  lines  )  and  to  construct  reliable  curves  of  lines.  For 

verification  of  the  effect  of  compression,  such  »  series  of  measurements  was 
done  for  compression  Pq  equal  to  01  and  0,5  mm  Hg  All  data  on  the  processed 
spectra  are  given  in  Table  !,  Here  in  the  first  column  is  shown  how  the  observation 
was  carried  out  with  respect  to  the  axis  of  discharge,  in  the  second  is  given  the 
niatc  number,  in  the  third  the  number  of  discharges  on  the  plate:  in  succeeding 
cchimns  an  cmt.ained  results  of  the  measurements  (see  below), 

•  Table  1 


Ptnclt 


?;ate  Ho- 


No ,  of 
Di  schargiis 


Coefficient  of  inclination  of  straight  line  k 


Hoc 


H 


Pressure  p*  ■  01  mm  Hg 


H, 


H, 


X  center 

4 

1 

1-S 

2,3 

2,2 

2.6 

_i,  center 

113 

20 

2,5 

2,4 

2  3 

1,9 

X  center 

113 

5 

2,2 

2,3 

2.1 

2,3 

-1,  r.onter 

131 

5 

2,2 

2  0 

2.2 

1,8 

li  center 

114 

5 

Sharp  deviation  from  Stark  broad* 

)/  cencov 

135 

S 

Broadening  of  emission  caused  by 

j|  center 

146 

5 

scoplc  motion  of  plasma 

)  off » tenter 

117 

S 

2,9 

2  9 

2,3 

2.1 

Xoff- center 

J33 

S 

2„6 

3,2 

2,6 

4k 

Xoff^center 
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scoplc  notion  of  plasma 

On  Fig  4  ar«  given,  as  examples,  profiles  of  Balmer  emission  from  the  center 
of  discharge  (self-compressed  discharge)  for  observations  across  and  along  the  axis 
of  the  chamber,  obtained  with  compression  pg  ■  0,1  mm  Hg.  Direct  comparison  of 
profiles  of  emission  in  discharge  obtained  across  the  axis  with  profiles  obtained 
along  ’.ha  axis  shows  considerable  difference  in  them:  a)  the  intensity  of  wings 
by  comparisor  to  central  intensity  of  lines  Hg^  and  Hm  ,  i.e.  relative  width  of  the 
wing!>.  of  lines  for  observations  along  axis  is  appreeiwly  greater  than  for 
obsei'vations  across  (Hec  fev  transverse  discharge  ia  over-exposed  in  the  center 
since  its  central  Intensity  is  roughly  60  timet  greater  th*n  the  intensity  of 
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H;;,  ;  the  sc*;!,  of  ii.toii^ities  for  Hj  and  He  is  enlaigud  S  tlaes);  b)  since 

all  lilt «nsi tie:  are  expres  e*l  in  units  of  central  intensity  of  (■  Iq),  the 
darreraent  of  t»;e  Balmer  series  for  observations  across  the  discharge  is  considerably 
greater  than  for  observations  along  the  discherge;  c)  in  sone  easea  llnea  and 
show  absorption  drops  in  the  center  of  the  line,  which  indicate  the  iaportant 
role  of  self ' absorption  (along  the  axis  the  optical  thickness  of  the  discharge  la 
of  the  order  of  unity) 

For  quantitative  analysis  of  the  cauaes  of  broadening  of  enisaion,  *11  - 
profiles  were  considered  in  coordinates  (Ig  1/Ig#  Ig  wd  (Ig  I/Iq» 

The  prefiles  in  these  coordinates  are  given  in  Fig.  S  and  6,  and  show  considerable 
difference  in  the  run  of  intensity  with  distance  from  center  of  the  line  for  cases 
of  obr-ervat ions'  across  tie  axis  (Fig  S)  and  along  tha  axis  (Fig,  6),  If  in  the 
first  c;i:^es  !<  coordinates  (Ig  I/Ig,  Ig  AX)  intensity  in  the  wings 

of  lint'  nirciy  corresponds  to  a  straight  line  with  angle  of  coefficient  2,2  -  2,4, 
in  the  scccnd  case  the  rjtn  of  intensity  in  the  wings  is  practically  iapossible  to 
represent  ^  straight  line,  (In  som  cases  the  run  of  intensity  is  drawn 
separately  for  blue  and  red  wings  of  lines:  the  difference  in  run  Is  probably 
connected  with  small  errors  in  photometry.) 

If  one  nevertheless  attempts  to  represent  this  run  by  a  straight  line,  the 
angle  of  coefficiant  will  be  near  unity.  At  the  same  time,  in  axes  (Ig  I/Iq, 
an  opposite  picture  is  cbson''ed2  for  observations  along  tha  discharge  the  run 
of  intensity  In  wings  is  near  to  a  straight  line,  whereas  for  transverse  obser¬ 
vations  of ‘discharge  this  rjn  differs  considerably  from  a  straight  line.  Prom 
Table  '  wa  s?fc  that  a  siailar  situation  with  lengthwise  and  transverse  obser- 
vationr  take.5  place  for  all  other  spectrograms.  This  indicates  that  with  com¬ 
pression  pg  »  01  mm  Hg  the  emission  broadening  in  the  wings  of  hydrogen  lines  is 
connected  with  linear  Stark»effect  for  observations  across  the  axis  of  discharge, 
whereas  along  the  axis  of  discharge  it  is  caused,  on  the  whole,  by  Doppler  effect. 

In  the  cave  of  strict  "Doppler*'  profile  We-^^  ^^D)2  we  would  have 
to  obtain  a  straight  Uns  in  coordinates  (Ig  l/Ig*  AX^)<  At  the  same  time,  thara 
are  some  small  devia'cions,  which  can  be  nicely  explained  by  the  presence  of 
directional  motion  uf  the  "jet**  type  along  the  axis  of  discharge  with  some 
gradient  of  voJtsci'cy  along  the  "jet„"  According  to  (7]  the  distribution  of 
intensities  In  this  case  can  be  represented  in  the  form 

— ^  '^wln 

Ifl 

where  AX^  is  the  'Vidth  *  of  the  wing  of  the  line  corresponding  to  e  maxiwm 
velocity  of  motion  of  atoms  in  the  "Jet  "  Crosses  and  piusses  In  Pig.  6  show 
the  sun  of  i'.tensitlas  according  to  formula  (1),  aelacted  from  conditions  of 
best  agreement  of  observed  end  calculated  profiles.  We  see  that  an  idea  of 
Jets  with  velocity  gradients  agrees  well  with  observed  distribution  of  inten¬ 
sities  in  wings  of  Balmer  emission  observed  along  the  length  of  discharge. 

Values  AXq/X  »  determined  for  the  run  of  intensity  in  the  wings,  and  also 
values  Table  2.  In  spite  of  separate  random  deviations 

(connected,  or.  the  whole,  with  the  difficulty  In  calculating  background,  see 
above),  correlntlons  LXo/X  ■  const  orutiX*/X  •  const  fulfilled  In 
transition  f row  one  emission  lino  to  another,  as  must  be  so  in  the  case  of 
broadening  due  to  macroscopic  notion.  Of  course  the  question  of  the  contri¬ 
bution  of  Stark  effect  In  observed  profiles  of  wings  of  lines  in  the  given 
terms  remains  open. 


(1) 
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Table  2 


Plate 
No . 

- jq3 

1  -^Mos 

JSr 

He 

Ho<  H. 

JjL. 

'sr 

114 

3  5 

1.5 

1.7 

ProssuiapM  ■  0.1  am  Hg 

1,5  1,3  “  5.2  -  3.3 

2,7 

2.0 

13$ 

4.7 

2.9 

5.5 

2.5  2,7 

9.6  7.0  9.7 

4.9 

4.8 

146 

4.6 

L9 

2.4 

2.3  2.2 

7.7  3.3  4,3 

3.8 

3.5 

159 

6.6 

6.9 

8.2 

Pressure 

7.8  6.0 

Pq  ■  0,5  am  Hg 

11  8  13.6  13.8 

12.8 

<m 

For  a  aore  precise  definition  of  this,  we  made  a  series  of  siailar  eea- 
sureoients  with  higher  compression  (pq  «  0c5  im  Hg),  The  results  of  these 
sieasureBents  are  given  in  Fig.  7  (line  profiles)  and  Pig«  8  and  9  (logarlthnlc 
profiles)  similar  to  Flg„  4,  S  and  6.  With  conpression  of  0»5  na  Hg  the  line 
becomes  considerably  broader  (notice  the  change  in  scale  of  wavelength  and  of 
relative  intensity  in  Fig^  7)«  Here  the  wings  of  line  stretch  farther 
than  100  A,  and  for  lines  so  weak  as  they  are  observed  out  to  40»50  A, 

Here  the  centers  of  intense  lines  (Ho<  ,  )  are  always  overexposed,  hence 

It  Is  difficult  to  judge  the  decrenent  and  to  coiq>are  widths  for  observations 
along  and  across  the  discharge,  but  weak  lines  (Hj  ,  ),  as  in  cases  of 

low  cowpression,  show  that  the  wings  of  lines  in  Mservations  in  a  lengthwise 
direction  are  appreciably  broader  than  in  a  transverse  direction.  Logarithnie 
profiles  (Fig.  8,  9)  show  that  it  is  possible  to  represent  the  run  of  intensity 
in  wings  of  lines  (for  observations  across  discharge)  by  a  straight  line  in 
coordinates  (Ig  I/Iq,  Ig  with  angle  of  coefficient  of  roughly  1.6  to 
2.0  with  an  average  ^1.8,  although  deviations  from  a  rectilinear  relationship 
are  soaewhat  greater  here  than  with  low  cosipression.  Deviations  from  a  straight 
line  in  axes  (Ig  I/Iq*  AV)  ««  quite  ai^arent  in  these  cases  (rigiit  side  of 
Fig.  8).  This  allows  us  to  consider  that  broadening  of  hydrogen  eaission  in  trans 
verse  observations  in  the  case  of  high  compression  as  well  as  in  low  conqjression 
is  connected,  on  the  whole,  with  Staiic  effect,  and  not  with  the  effect  of  Macro¬ 
scopic  notion,  although  possibly  the  latter  effect  plays  soue  role  in  this  case. 

Representation  of  line  profiles  in  axes  (Ig  f/In.  AX^)  in  the  case  of 
lengthwise  observation  of  discharge  (Pig.  9)  shows  that,  as  in  tiie  casa  of 
lower  conpression,  the  run  of  intensity  in  wings  of  lines  can  be  explained  by 
the  presence  of  notion  of  the  "jet"  type.  The  systenatic  increase  of 

■■^p.  and  for  higher  conpression  is  apparently  connected  with  the 

fdn  that  witirgreat  cosipression  Stark  effect  begins  to  play  a  certain  role 
in  broadening  for  observations  along  the  axis  of  discharge,  resulting  in 
an  effective  increase  of  AXq  and  AX.. 

During  the  photegra{diy  of  spectra  of  central  portions  of  dlachargo,  anlssion 
of  raiifieJ  plasna  located  in  the  sane  line  of  sight  as  the  compressed  discharge 
also  falls  on  tha  slit  of  the  spectrograph.  This  plasna  radiates  at  tha  start 
of  discharge  and  also  with  the  decay  of  the  discharge,  md  exists  for  a  longer 
tine  than  the  cenpressed  discharge.  In  order  to  explain  tha  coitribution  of 
this  portimt  of  plasna  in  the  formation  of  the  lines  considered,  spectra  of 


discharK^  photograohad  tiirough  the  lateral  windows  of  the  cell  (IS  and 
n  on  Pig  1)  with  compression  Pq  ■  01  Ma  Hgc  Thus  radiation  of  the  discharfe 
itself  did  not  fall  «m  the  slit  of  the  spectrograph.  Profiles  of  hydrogen 
ewission  in  spectra  taken  perpendicular  to  and  parallel  with  the  axis  of  the 
cell*  and  to  one  side  of  the  discharge,  are  given  in  Fig,  10,  First  of  all  we 
should  note  that  hydrogen  emission  in  this  case  is  considerably  weaker  than 
discharge  enission  (photographed  through  the  eentrcl  window  of  the  discharge 
cell).  In  addition,  the  wings  of  lines  on  these  spectr»igre^«s  ere  considerebly 
less  extensive  than  in  case*  considered  eerlier,  especially  in  spectra  taken 
perpendicularly  to  the  axis  of  discharge.  Proa  Fig,  11,  on  which  the  seiee 
orofiles  are  drawn  in  logarithnlc  seal#,  it  ia  obvious  that  wings  of  linos 
are  very  nicely  representad  l>y  straight  lines  with  coaffieiant  of  inclination 
,  on  the  average  of  2,5  for  spectra  photographed  parpandicularly  to  the  axis 
of  discharge,  and  2,8  for  spectra  photographed  parallel  to  the  axis  of  discharge. 

Thus,  to  the  wings  of  lines  of  hydrogen  enission  of  the  eongtressed  dis- 
rharce  Is  added  the  severs l«tiaes> less  intensity  due  to  radiation  of  rarified 
rtlasna.  The  run  of  Intensity  of  the  additional  enission  has  a  ataaper  drop 
than  the  nin  of  intensity  In  wings  of  lines  radiated  by  coaqpressad  discharge. 
Consequently,  the  additional  ealssien  does  not  actually  distort  the  distribution 
of  Intensities  in  wings  of  hydrogen  Unas  occurring  in  the  central  TMTtions 
of  the  discharge.  At  the  sane  tine,  it  can  cause  considerable  variation  in 
distribution  of  intensities  near  the  central  portions  of  lines. 


3  DISCUSSION  OF  RESULTS 

•  As  has  already  been  noted,  profiles  of  wings  of  hydrogen  lines  in  axes 
(Ig  1/Iq,  Ig  AX)  obtained  by  transverse  dbsarvatien  of  discharge  are  nicely 
represented  by  a  straight  line.  Thereby,  as  follows  fron  Table  1,  the  angular 
coefficient  k  of  inclination  of  straight  lines  averaged  for  all  lines  studied 
<Mi  several  spectrograms  in  each  series  is  equal  tot  a)  k-^  *2,7  for  observations 
outside  the  axis  of  discharge  ( 8  ||  "off-canter^) ;  b)  k_y  ■  2,2  for  obser¬ 
vations  across  axis  of  discharge  (X  ’’center")  with  initial  coapressien 
PQ  «  0  1  mm  Hg.  and  c)  k,y  >  1,8  in  an  analogous  case  with  pg  •  0,5  na  Hg, 

The  stated  difference  in  angular  coefficient  can  be  explained  by  the  action 
of  Stark  effect. 

Consideration  of  Stark  effect,  taking  into  account  brondening  effect  of 
electrmts,  is  given  in  [8]  and  [9j.  On  Fig,  12  dashes  show  the  theoretical 
distribution  of  intensities  in  wings  (In  systen  Ig  I,  Ig  A)0  sceordlng  to 
V  N  Kogan's  data  ([8],  p.  285),  from  which  it  fellows  that  in  the  wings  of 
the  lines  the  average  coefficient  k  fti2,7  if  thla  distribution  can  approxiaate 
a  straight  lire  (which  can  be  done  with  an  accuracy  of  up  to  -w0.,l  In  Ig  I,  l,e., 
with  accuracy  to  rv2S%)  According  to  (9),  a  profile  broadened  due  to  Stark 
effect  by  combined  action  of  Ions  and  electrons  is  deteruined  by  the  ftmction 
T  (AX»y)  vherey  is  the  parameter  characterising  the  influence  of  electrons, 

-Y.  S.61oW'2  - 0.115^.^®-  (j, 

(T  and  N  are  temperature  and  density  of  diarged  particles,  b  is  the  ■►•aln  fpiaatum 
nuaber  for  the  upper,  -  a  for  the  lower  level).  Assuming  as  an  astimau  in 
our  case  T  -  S  10^,  N  ■  obtain  the  following  values  of  V 

foTHe<  ♦0,09,  for  Hft  ♦0,32,  for  Hy  ♦0,S2,  for  Ha  ♦0,82,  i,e,,  all 
values  of  are  confined  within  the  interval  0^<y  ^  !• 
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On  Pig  12  is  shorni  the  run  of  intensity  according  to  ((9]»  Table  3)  for 
"V  >  0  (dots),  V  ••  0.5  (plusses)  and*^*  1.0  (eireias).  In  the  wings  these 
(iistributions  are  nicely  represented  by  e  straight  line  witii  average  coefficient 
k  «  2.67,  which  agrees  with  the  theoretical  distribution  [8].  ilence  we  can 
consid^ir  that  the  theoretical  profile,  taking  into  account  broadening  by 
electrons,  gives  k  *27  Good  agreenent  with  this  distribution  is  obtained 
only  for  the  periphery  of  discharge  (outside  of  line  of  discharge)  both  in 
lengthwise  and  transverse  observations.  As  regards  observations  across  the  very 
line  of  discharge  (observations  In  the  center),  here  we  obtain  a  coefficient  k 
systenatical ly  less  than  S/2  (<n-2  2)  for  low  (0.1  ■■  Hg)  co^iresslon  and  still 
less  (Ai«il  8)  for  high  compression. 

For  intermolecular  fields  ^10^  v/ca  quadratic  Stark  effect  begins  to 
play  a  role  since 

Fn  »•  2.6oN^'^^  (3)  ‘ 

so  that  the  role  of  this  effect  remains  appreciabla;  in  other  words'where 
N  ^10^^  cm*^:  in  our  case,  with  compression  0.5  am  Hg  value  N sq^l.S'lO^^cn**^ 
with  ionization  roughly  equal  to  1.  If  there  occurs  S-irlOth  compression  in 
the  <  ore  of  the  discharge,  then  the  nusdier  N  can  be  on  the  order  of  5*4- lO'-lO*”; 
i.e. .  quadratic  Stark  effect  can  play  some  role  for  conression «%^0.S  mn  Hg. 

In  this  rase  the  distribution  of  intensities  1  ***• 

it  will  he  a  more  gentle  path  close  to^X**^*  is  actually  observed. 

In  the  case  of  low  compression  (0.1  am)  this  effect  plays  a  lesser  role,  and 
oi'Uribution  of  intensities  in  wings  must  be  nearer  to  that  given  by  linear 
Stari  effect  (k  »  2,S).  Thus  we  could  explain  the  deviations  from  strict  • 
rheorertcal  dependence  for  Stark  effect  taking  into  account  the  broadening 
effect  of  ions  and  electrons., 

iiowever,  it  i.s  inposslble  to  explain  the  gentle  wings,  low  values  of  k 
and  .‘him  deviations  from  rectilinear  dependence  for  observations  along  the 
oxis  of  discharge  hy  means  o.f  an  assumption  of  broadening  by  Stark  effect  only, 
in  this  oast  the  mn  of  intensity  in  wings  of  lines,  as  has  already  been  pointed 
out,  is  well  described  by  the  assumption  of  the  existence  of  directional  motion 
of  the  jet  tyj.a  with  a  velocity  gradient.  The  values  4\q/X  •'wi  ^m^A  • 
presmeod  in  Table  2,  altov  us,  first  of  all,  to  detenina  tha  constituent 
”nop;<Ier'*  velocities  of  motions  of  atoms  along  the  axis  of  discharge,  and, 
second,  to  find  the  maximum  velocity  in  ”Jet$”  ac^rding  to  (1),  With  initial 
compi'ession  dq  ■  0  1  am  Hg,  the  average  value  of  ^3*  10”^  which  comsponds 
to  V[,  «  J  lo'cm/sec.  For  this  same  case  the  averdge  value 
from  which  we  obtain  the  maximum  velocity  of  notion  of  atoms  tii  a  jet  of 
■  15  10*  cm/'«ec. 

In 

Toe  process  of  outflow  of  plasma  of  jets  from  the  aperture  in  the  lower 
o leer rude  (through  which  observation  along  the  axis  it  carriad  out)  can  introduce 
seme  contribution  to  broadening  of  lines  in  experimental  observations.  Possibly 
this  points  to  some  systematic  predominance  of  emission  in  the  blue  wings  of 
the  majority  of  Balmer  lines  (Fig.  6).  Thus,  apparently,  the  experimental 
data  obtained  from  analysis  of  the  distribution  of  intensities  in  wings  of  Balmer 
lines  with  observation  along  the  axis  of  the  system  indicates  the  existence, 
in  the  discharge,  of  groups  of  hydrogen  atoms  which  aro  in  rapid  motion.  The 
energy  of  these  atoms  attains  5-7  kev.  We  should  keep  in  mind,  however,  that 
we  run  into  some  difficulty  in  the  discussion  of  such  effects  that  result  in 
proposed  interpretations  of  expeiimentsl  date.  If  the  observed  form  of  a  line 
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profile  s>?rveii  a;,  optical  evldenca  of  the  existence  of  a  current  or  jet  of  rapid 
particles^  then,  irrespective  of  the  nechanlsn  of  origin  of  rapid  particles,  there 
Must  be  orher  indications  of  the  presence  of  these  atoMS,.  In  particular,  in 
discharge  of  deuteriua  there  nust  be  observed  a  nuclear  reaction  of  synthesis 
and  subsequent  neutron  radiation  As  is  well  known,  )  Icsraa'^neutron  effect 
and  neutron  radiation  were  indeed  discovered  earlier,  in  1952.  However,  this 
radiation  is  observed,  as  a  rule.  In  the  aoswnt  of  second  conpressicn  of  plasaa 
discharge,  and  not  at  the  nowent  of  first,  conpresslon  when,  according  to  data 
of  optical  scanning,  the  naxinua  line  broadening  is  observed. 

Undoubtedly  further  experiments  are  necessary  to  elucidate  this  question. 

The  nechanisK  of  broadening  of  hydrogen  eaission  with  intense  iapulsive 
discharge  Is  very  '.iallar  to  that  which  is  given  detailed  study  ([1,7]  and  others) 
in  broadening  of  emission  lines  in  solar  flares.  In  both  the  first  and  possibly 
the  second  cases  the  run  of  intensity  in  wings  of  lines  depends  considerably 
on  which  direction  the  observation  of  spectra  of  plasna  radiation  is  carried 
out.  This,  in  particular,  allows  us  to  infer  that  there  probably  exlsta  an 
analogy,  based  on  the  close  physical  nature  of  the  phanoaena,  between  intense 
iapulsive  discharge  carried  out  in  the  laboratory  and  the  occurrence  of  chroao^ 
spheric  flares  on  the  sun. 

The  nuthors  thank  Yu.  I),  Klebanova,  P.  I,  Selivanova  and  A.  N.  Koval  for 
help  with  the  discharge  instrument  and  for  processing  the  Material,  and  also 
E,  N  Brs^verman  for  carrying  out  the  construction  of  the  experiaental  instruaent. 
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ri^r«  Captions 


fit*  I* 
fig.  2. 

f4*  3* 

fit*  ^* 

Tabu  3. 
Pinch 

fit*  3. 

fit*  3. 

fit*  7. 
fit*  6. 

fit*  9. 

fit* 10. 

flt.U* 

fit.l2. 


Dlatraa  of  Inatruaant. 

Ganaral  fom  of  dlsebarta  apactra  with  obaarvatUna  along  tha  axlo 
(PO  .  0.5  ■■  St). 

BySrogan  llnaa  In  dlsehatga  spaetra  (a)  for  obaarwatlons  parpandlcuUr 
to  asla  (pq  ■  0.1  ■■  Hg)  and  (b)  in  spaetra  of  ehran»apbarlc  fUra  of 
20,  m  1959. 

ProflUa  of  hydrogen  Unas  In  dlaeharga  apactra  with  initial  coapraaaion 
Pq  ■  0.1  ■■  Hg  (Uft  -  obaarvationa  parpandleuUr  to  axla,  plats  113; 
right  *>  along  axis,  plats  146). 


puts  Bo.  Bo.  of  ahoeks  Coafflclant  of  inellna  of  atralght  Una  k 

Coapraaaion  Pq  ■  0.1  an  Hg 

Sharp  dawlation  fron  Stark  distribution. 

Balaolon  broadening  caused  by  nacroaeople 
aotlon  of  plaana 

Conpraaslon  Pq  >  0.5  ma  Hg 

as  above 

Logarlthale  profiles  of  hydrogen  Unas  In  dlaeharga  apactra  with  obaarvatlons 
parpandleular  to  asla  (pUta  113). 

Dots  and  elreUs  *  obsarvatlona  for  blue  and  rad  wings  of  Una  raapactlvaly. 

Iiogarlthade  profiUs  of  hydrogen  Unas  In  dlaeharga  spaetra  with  obaaxvationa 
along  axla  (pUta  146). 

Dots  and  erosaaa  •  obsarvatlona  and  ealeuUtlons  (''Jats*^  raapactlvaly  for 
blue  wing  of  Una;  elreUs  and  4>'s  •>  obaarvatlons  and  calculations  ("Jats'*) 
for  rod  wing  of  Una. 

ProflUa  of  hydrogen  Unas  In  discharge  apactra  with  Initial  cowprasslon 
PQ  ■  0.5  an  Hg  (Uft  -  pUta  173;  rl|d*t  >  159). 

Logarlthalc  proflUs  of  hydn^en  Unas  la  discharge  apactra  with 
obsarvatlona  parpaadleuUr  to  axU  (pUta  173). 

Daslgaatloaa  seas  sa  la  fig*  3. 

Logarlthale  proflUs  of  hydr^an  llnaa  la  dlaeharga  spaetra  with 
obsarvatlona  along  axU  (pUta  159).  * 

Daaigaatlona  saaa  as  fig*  3. 

ProflUa  of  hydrogen  llnaa  la  dlaeharga  apactra  (pq  a  0.1  mm  Hg)  with 
obaarvatlons  outside  of  axla  of  discharge,  and  paralUl  to  It  (Uft  -  pUta  133, 
right  •  104). 

LogurltiaBlc  proflUs  of  hydrogen  llnaa  with  obaarvatlons  outside  of  axis 
of  dlaeharga  (Uft  *  parpandleuUr  to  axU,  pUta  133;  right  paralUl  to 
axis,  pUta  104). 

ThaoratUal  distribution  of  intanaltlas  In  wings  in  tha  ease  of  Una 
hroadanlag  due  to  Stark  affect. 

gaahad  Una  *•  Bogan's  data,  solid  Una  -  Grlan's  data. 


